




Peatland Acidobacteria with a dissimilatory sulfur metabolism
Hausmann, Bela; Pelikan, Claus; Herbold, Craig W; Köstlbacher, Stephan; Albertsen, Mads;
Eichorst, Stephanie A; Glavina Del Rio, Tijana; Huemer, Martin; Nielsen, Per H; Rattei,
Thomas; Stingl, Ulrich; Tringe, Susannah G; Trojan, Daniela; Wentrup, Cecilia; Woebken,
Dagmar; Pester, Michael; Loy, Alexander
Published in:
I S M E Journal







Publisher's PDF, also known as Version of record
Link to publication from Aalborg University
Citation for published version (APA):
Hausmann, B., Pelikan, C., Herbold, C. W., Köstlbacher, S., Albertsen, M., Eichorst, S. A., Glavina Del Rio, T.,
Huemer, M., Nielsen, P. H., Rattei, T., Stingl, U., Tringe, S. G., Trojan, D., Wentrup, C., Woebken, D., Pester,
M., & Loy, A. (2018). Peatland Acidobacteria with a dissimilatory sulfur metabolism. I S M E Journal, 12(7),
1729-1742. https://doi.org/10.1038/s41396-018-0077-1
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            ? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            ? You may not further distribute the material or use it for any profit-making activity or commercial gain
            ? You may freely distribute the URL identifying the publication in the public portal ?
The ISME Journal (2018) 12:1729–1742
https://doi.org/10.1038/s41396-018-0077-1
ARTICLE
Peatland Acidobacteria with a dissimilatory sulfur metabolism
Bela Hausmann 1,2 ● Claus Pelikan1 ● Craig W. Herbold1 ● Stephan Köstlbacher1 ● Mads Albertsen 3 ●
Stephanie A. Eichorst1 ● Tijana Glavina del Rio4 ● Martin Huemer1 ● Per H. Nielsen 3 ● Thomas Rattei 5 ●
Ulrich Stingl 6 ● Susannah G. Tringe 4 ● Daniela Trojan1 ● Cecilia Wentrup1 ● Dagmar Woebken1 ●
Michael Pester2,7 ● Alexander Loy 1
Received: 11 October 2017 / Revised: 21 December 2017 / Accepted: 20 January 2018 / Published online: 23 February 2018
© The Author(s) 2018. This article is published with open access
Abstract
Sulfur-cycling microorganisms impact organic matter decomposition in wetlands and consequently greenhouse gas
emissions from these globally relevant environments. However, their identities and physiological properties are largely
unknown. By applying a functional metagenomics approach to an acidic peatland, we recovered draft genomes of seven
novel Acidobacteria species with the potential for dissimilatory sulfite (dsrAB, dsrC, dsrD, dsrN, dsrT, dsrMKJOP) or
sulfate respiration (sat, aprBA, qmoABC plus dsr genes). Surprisingly, the genomes also encoded DsrL, which so far was
only found in sulfur-oxidizing microorganisms. Metatranscriptome analysis demonstrated expression of acidobacterial
sulfur-metabolism genes in native peat soil and their upregulation in diverse anoxic microcosms. This indicated an active
sulfate respiration pathway, which, however, might also operate in reverse for dissimilatory sulfur oxidation or
disproportionation as proposed for the sulfur-oxidizing Desulfurivibrio alkaliphilus. Acidobacteria that only harbored
genes for sulfite reduction additionally encoded enzymes that liberate sulfite from organosulfonates, which suggested
organic sulfur compounds as complementary energy sources. Further metabolic potentials included polysaccharide
hydrolysis and sugar utilization, aerobic respiration, several fermentative capabilities, and hydrogen oxidation. Our
findings extend both, the known physiological and genetic properties of Acidobacteria and the known taxonomic diversity
of microorganisms with a DsrAB-based sulfur metabolism, and highlight new fundamental niches for facultative
anaerobic Acidobacteria in wetlands based on exploitation of inorganic and organic sulfur molecules for energy
conservation.
Introduction
Specialized microorganisms oxidize, reduce, or dispropor-
tionate sulfur compounds of various oxidation states (–II to
+VI) to generate energy for cellular activity and growth and
thereby drive the global sulfur cycle. The capability for
characteristic sulfur redox reactions such as dissimilatory
sulfate reduction or sulfide oxidation is not confined to
single taxa but distributed across different, often unrelated
taxa. The true extent of the taxon-diversity within the dif-
ferent guilds of sulfur microorganisms is unknown [1].
However, ecological studies employing specific sulfur
metabolism genes (e.g., dissimilatory adenylyl-sulfate
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reductase-encoding aprBA, dissimilatory sulfite reductase-
encoding dsrAB, or soxB that codes for a part of the
thiosulfate-oxidizing Sox enzyme machinery) as phyloge-
netic and functional markers have repeatedly demonstrated
that only a minor fraction of the sulfur metabolism gene
diversity in many environments can be linked to recognized
taxa [2–4]. A systematic review of dsrAB diversity has
revealed that the reductive bacterial-type enzyme branch of
the DsrAB tree contains at least thirteen family-level
lineages without any cultivated representatives. This indi-
cates that major taxa of sulfate-/sulfite-reducing micro-
organisms have not yet been identified [3].
Wetlands are among those ecosystems that harbor a
diverse community of microorganisms with reductive-type
DsrAB, most of which cannot be identified because they are
distant from taxonomically classified DsrAB sequences [5].
Sulfur-cycling microorganisms provide significant ecosys-
tem services in natural and anthropogenic wetlands, which
are major sources of the climate-warming greenhouse gas
methane [6, 7]. While inorganic sulfur compounds are often
detected only at low concentration (lower μM range), fast
sulfur cycling nevertheless ensures that oxidized sulfur
compounds such as sulfate are rapidly replenished for
anaerobic respiration. The activity of sulfate-reducing
microorganisms (SRM) fluctuates with time and space,
but at peak times can contribute considerably to the anae-
robic mineralization of organic carbon in wetlands [5].
Simultaneously, SRM prevent methane production by
rerouting carbon flow away from methanogenic archaea.
Peat microorganisms that are affiliated to known SRM taxa,
such as Desulfosporosinus, Desulfomonile, and Syn-
trophobacter, are typically found in low abundance [8–15].
In contrast, some microorganisms that belong to novel,
environmental dsrAB lineages can be considerably more
abundant in wetlands than species-level dsrAB operational
taxonomic units of known taxa [13]. However, the taxo-
nomic identity of these novel dsrAB-containing micro-
organisms and their role in sulfur and carbon cycling has yet
to be revealed.
To identify these unknown DsrAB-encoding organ-
isms and further investigate their fundamental ecologi-
cal niches, we recovered thirteen metagenome-
assembled genomes (MAGs) encoding DsrAB from a
peat soil through a targeted, functional metagenomics
approach. We analyzed expression of predicted phy-
siological capabilities of the MAGs by metatran-
scriptome analyses of anoxic peat soil microcosms that
were periodically stimulated by small additions of
individual fermentation products with or without sup-
plemented sulfate [9]. Here, we show that facultatively
anaerobic members of the diverse Acidobacteria com-
munity in wetlands employ one or more types of dis-
similatory sulfur metabolism.
Materials and methods
Anoxic microcosm experiments, stable isotope
probing, and nucleic acids isolation
DNA and RNA samples were retrieved from a previous peat
soil microcosm experiment [9]. Briefly, soil from 10–20 cm
depth was sampled from an acidic peatland (Schlöppner-
brunnen II, Germany) in September 2010, and stored at 4 °C
for one week prior to nucleic acids extractions and set-up of
soil slurry incubations. Individual soil slurry microcosms
were incubated anoxically (100% N2 atmosphere) in the
dark at 14 °C, and regularly amended with low amounts
(<200 μM) of either formate, acetate, propionate, lactate,
butyrate, or without any additional carbon sources (six
replicates each). In addition, half of the microcosms for
each substrate were periodically supplemented with low
amounts of sulfate (initial amendment of 190–387 μM with
periodic additions of 79–161 μM final concentrations).
DNA and RNA were extracted from the native soil and
RNA was additionally extracted from the soil slurries after 8
and 36 days of incubation.
Furthermore, DNA was obtained from the heavy, ¹³C-
enriched DNA fractions of a previous DNA-stable isotope
probing (DNA-SIP) experiment with soil from the same site
[12]. Analogous to the single-substrate incubations, anoxic
soil slurries were incubated for two months with low-
amounts of sulfate and a ¹³C-labelled mixture of formate,
acetate, propionate, and lactate. DNA was extracted, sepa-
rated on eight replicated density gradients, and DNA from a
total of 16 heavy fractions (density 1.715–1.726 g mL−1)
was pooled for sequencing.
Additional DNA was obtained from soils that were sam-
pled from different depths in the years 2004 and 2007 [13].
Quantitative PCR and metagenome/-transcriptome
sequencing
Abundances of Acidobacteria subdivision 1, 2, and 3 in soil
samples from different years and depths were determined by
newly-developed 16S rRNA gene-targeted real-time quan-
titative PCR (qPCR) assays (Supplementary Methods).
Native soil DNA (two libraries), heavy 13C-enriched DNA
(three libraries), and native soil RNA, and RNA samples
from the microcosms were sequenced on an Illumina
HiSeq 2000/2500 system (Supplementary Methods).
Binning, phylogeny, and annotation of DsrAB-
encoding genomes
The differential coverage binning approach by Albertsen
et al. [16] was applied to extract MAGs of interest. The raw
FASTQ paired-end reads were imported into the CLC
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Genomics Workbench 5.5.1 (CLC Bio) and trimmed using
a minimum Phred quality score of 20 with no ambiguous
nucleotides allowed. TruSeq adapters were removed and a
minimum length filter of 50 nt was applied. This resulted in
214, 171, 233, 49, and 294 million reads after quality fil-
tering and trimming for the two native soil and three SIP
metagenomes, respectively (84–95% of the raw reads). All
reads were co-assembled using CLCs de novo assembly
algorithm (kmer size 63, bubble size 50, minimum scaffold
size 1000 nt). The reads from all five metagenomes were
independently mapped to the assembled scaffolds using
CLCs map to reference function (minimum length 0.7,
minimum similarity 0.95) to obtained the scaffold coverage.
The SIP metagenomes were merged into one mapping. 137,
112, and 376 million reads could be mapped to the two
native soil metagenomes and the SIP metagenome, respec-
tively (64–66% of quality filtered reads). Gene prediction of
the complete assembly was performed using prodigal [17].
In addition to the detection and taxonomic classification of
105 essential marker genes [16], dsrA and dsrB homologs
were identified using TIGRFAM’s hidden Markov model
(HMM) profiles TIGR02064 and TIGR02066, respectively,
with HMMER 3.1 [18] and the provided trusted cut-offs.
Additional dsrAB-containing scaffolds were identified by
using tblastn with the published DsrAB database as a query
against the assembly [3]. DsrAB sequences were classified
by phylogenetic analysis (Supplementary Methods; [3]).
Binning and decontamination was finalized utilizing the G
+C content and tetramer frequencies of the scaffolds, as
well as paired-end information, as described and recom-
mended in Albertsen et al. [16]. Completeness, con-
tamination, and strain heterogeneity was estimated using
CheckM 1.0.6 [19] with lineage-specific marker sets
selected at phylum rank (or class rank for Proteobacteria).
MAGs were taxonomically classified by phylogenomic
analysis of concatenated marker sequences and calculation
of average nucleic and amino acid identities (ANI, AAI,
Supplementary Methods). MAGs were annotated using the
MicroScope annotation platform [20] and eggNOG [21].
Genes of interest (Supplementary Table S2) were manually
curated using the full range of tools integrated in Micro-
Scope annotation platform (Supplementary Methods).
Genome-centric activity analysis: iRep and
metatranscriptomics
The index of replication (iRep) was calculated for each
MAG with the combined native soil metagenomes. Settings
and thresholds were applied as recommended [22] using
bowtie2 [23] and the iRep script with default settings.
Quality-filtered metatranscriptome reads were mapped to all
genomes using bowtie2 and counted with featureCounts
[24]. To determine gene expression changes, we applied the
DESeq2 pipeline with recommended settings [25] (Sup-
plementary Methods).
Data availability
Metagenomic and -transcriptomic data were deposited
under the BioProject accession numbers PRJNA412436 and
PRJNA412438, respectively, and can also be obtained via
the JGI’s genome portal (JGI Proposal ID 605). MAGs are
available at MicroScope (https://www.genoscope.cns.fr/a
gc/microscope/) and were deposited at the European
Nucleotide Archive (PRJEB24926). DsrAB sequences were
deposited at NCBI GenBank under the accession numbers
MG182080–MG182141.
Results
Functional metagenomics: recovery of dsrAB-
containing genomes from native soil and ¹³C-DNA
fraction metagenomes
This study was conducted with soil samples from the
Schlöppnerbrunnen II peatland in Germany, which is a
long-term study site with active sulfur cycling and harbors a
large diversity of unknown microorganisms with divergent
dsrAB genes [5, 13]. We initially generated co-assembled
metagenomes from native peat soil DNA (53 Gb) and a pool
of DNA extracts from the heavy fractions of a previous
DNA-stable isotope probing (DNA-SIP) experiment with
soil from the same peat (101 Gb). The heavy fractions,
which were obtained from anoxic peat incubations with
periodically supplemented sulfate and a mixture of ¹³C-
labelled formate, acetate, propionate, and lactate at low
concentrations, were enriched in DNA from Desulfospor-
osinus and also harbored DNA from yet unidentified dsrAB-
containing microorganisms [12]. Based on the metagenome
data, the native peat was dominated by Acidobacteria
(61%), but also had Actinobacteria, Alphaproteobacteria,
and Deltaproteobacteria as abundant (>5%) phyla/classes
(Fig. 1). Dominance of Acidobacteria, Alpha- and Delta-
proteobacteria is typical for peatlands [26]. Quantitative
PCR confirmed that Acidobacteria subdivisions 1, 2, and 3
persistently dominated the Schlöppnerbrunnen II peat
microbiota in oxic and anoxic soil layers (Supplementary
Methods, Fig. 1), as observed in other peatlands [27–29].
We identified 36 complete or partial dsrAB genes on
scaffolds of the co-assembled metagenome and subsequently
recovered thirteen MAGs of DsrAB-encoding bacteria by
differential coverage binning (Supplementary Table S1,
[16]). Twenty-eight dsrAB sequences were part of the
reductive bacterial-type DsrAB family branch and were
closely related to previously recovered sequences from this
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and other wetlands (Supplementary Figure S1). These dsrAB
sequences were affiliated to the known SRM genera Desul-
fosporosinus (Firmicutes, n= 1, one MAG) and Syn-
trophobacter (Deltaproteobacteria, n= 3, two MAGs), the
Desulfobacca acetoxidans lineage (n= 1), and the uncul-
tured DsrAB family-level lineages 8 (n= 19, seven MAGs)
and 10 (n= 4). Six sequences grouped with the oxidative
bacterial-type DsrAB family and were distantly affiliated
with Sideroxydans lithotrophicus (Betaproteobacteria, n= 5,
two MAGs) or Rhodomicrobium vannielii (Alphaproteo-
bacteria, n= 1) (Supplementary Figure S2). Interestingly,
two of our sequences (n= 2, one MAG) and a DsrAB
sequence from the candidate phylum Rokubacteria [30]
formed a completely novel basal lineage outside the four
previously recognized DsrAB enzyme families (Supple-
mentary Figure S2) [3]. The thirteen partial to near complete
dsrAB-containing MAGs had moderate to no detectable
contamination as assessed by CheckM and manual curation
(Supplementary Table S1) [19] and derived from Acid-
obacteria subdivisions 1 and 3 (SbA1–7), Desulfosporosinus
(SbF1), Syntrophobacter (SbD1, SbD2), Betaproteobacteria
(SbB1, SbB2), and Verrucomicrobia (SbV1), as inferred by
phylogenetic analysis of DsrAB sequences (Supplementary
Figures S1 and S2) and concatenated sequences of single-
copy, phylogenetic marker genes (Supplementary Figure S3).
Only the Desulfosporosinus and Syntrophobacter MAGs
contained rRNA gene sequences.
Phylogenomic analysis showed that Acidobacteria
MAGs SbA1, SbA5, and SbA7 are affiliated with subdivi-
sion 1, while SbA3, SbA4, and SbA6 are affiliated with
subdivision 3 (Supplementary Figure S3). The partial MAG
SbA2 lacked the marker genes used for phylogenomic
treeing, but was unambiguously assigned to Acidobacteria
using an extended marker gene set [16] and DsrAB phy-
logeny. The two near complete (96%) MAGs SbA1 and
SbA5 have a size of 5.4 and 5.3 Mb, respectively. The G+C
content of all acidobacterial MAGs ranges from 58 to 63%
(Supplementary Table S1). This in accordance with genome
characteristics of acidobacterial isolates, which have gen-
ome sizes of 4.1–10.0 Mb and G+C contents of 57–62%
[31, 32]. SbA1 and SbA7 form a monophyletic clade in the
Acidobacteria subdivision 1 with an AAI [33] of 63%
(Supplementary Figure S3) and DsrAB identity of 80% as
was calculated with T-Coffee 11 [34] using the unfiltered
reference alignment without the intergenic region [3]. They
have 56% AAI to their closest relative, Ca. Koribacter
versatilis, which is lower than AAIs among members of
known acidobacterial genera (60–71%). The third MAG
from subdivision 1, SbA5, is affiliated with Terracidiphilus
gabretensis with an AAI of 61%. DsrAB identity of SbA5
to SbA1 and SbA7 is 79%. The three subdivision 3 MAGs
form a monophyletic clade with Ca. Solibacter usitatus
(Supplementary Figure S3). SbA3, SbA4, and SbA6 have
AAIs of 59–73% amongst them and 61–62% to Ca. S.
usitatus. DsrAB identity amongst the three MAGs is
80–94% and 74–79% to the subdivisions 1 MAGs.
The DsrAB sequences encoded on all seven MAGs
belong to the uncultured DsrAB family-level lineage 8
(Supplementary Figure S1), which so far only consisted of
environmental dsrAB sequences of unknown taxonomic
identity [3]. Based on these MAGs and metatranscriptome
analyses of anoxic peat soil microcosms, we describe the
putative metabolic capabilities of these novel DsrAB-
encoding Acidobacteria. Details on the other MAGs will
be described elsewhere (Hausmann et al., unpublished;
Anantharaman et al., unpublished). Functional interpreta-
tions of the recovered MAGs are made under the premise
that the genomes are not closed, and thus it is unknown if
genes are absent in these organisms or are missing due to
incomplete sequencing, assembly, or binning.
Dissimilatory sulfur metabolism
Although Acidobacteria are abundant in diverse environ-
ments with active sulfur cycling [28, 29, 35, 36], this is the
Fig. 1 Microbial community composition in Schlöppnerbrunnen II
peatland in samples from different years and soil depths. a Abundance
of phyla and proteobacterial classes in the native soil (relative to all
classified reads/amplicons). Taxa less abundant than 1% are grouped
in grey. Coverage abundance is based on metagenomic reads mapped
to classified scaffolds. Amplicon abundance is based on rrn operon-
copy number-corrected abundance of 16S rRNA gene operational
taxonomic units [9]. b Relative abundance of acidobacterial subdivi-
sions (SD) in the native soil samples as determined by 16S rRNA gene
qPCR assays. In addition, all subdivisions more abundant than 1% in a
16S rRNA gene amplicon dataset are shown [9]
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first discovery of members of this phylum with a putative
dissimilatory sulfur metabolism. SbA2, SbA3, and SbA7
encode the complete canonical pathway for dissimilatory
sulfate reduction, including homologs for sulfate transport
(sulP and/or dass, not in SbA7) and activation (sat, ppa,
hppA), adenosine 5′-phosphosulfate (APS) reduction
(aprBA, qmoABC), and sulfite reduction (dsrAB, dsrC,
dsrMKJOP) (Fig. 2, Supplementary Table S2a) [37]. In the
AprBA tree, the acidobacterial sequences are part of a large
cluster of yet uncultured organisms and Deltaproteo-
bacteria and Firmicutes that respire sulfate, sulfite, or
thiosulfate (Supplementary Figure S4) [4]. SbA1, SbA4,
SbA5, and SBA6 have an incomplete sulfate reduction gene
set but contain all dsr genes for sulfite reduction. Several
other dsr genes were present on some of the MAGs. The
dsrD and dsrN genes occurred in pairs. The acidobacterial
DsrD sequences have the same conserved, hydrophobic
residues as Desulfovibrio vulgaris DsrD (Supplementary
Figure S5) [38]. Ubiquity of DsrD among SRM suggests an
essential function in sulfate reduction, but the physiological
role of this small protein is unresolved [39]. DsrN is a
homolog of cobyrinate a,c-diamide synthase in cobalamin
biosynthesis and may be involved in amidation of the sir-
oheme prosthetic group of DsrAB [40]. DsrV, a homolog of
precorrin-2 dehydrogenase, and DsrWa, a homolog of
uroporphyrin-III C-methyltransferase, may also be involved
in siroheme biosynthesis [41]. DsrT is required for sulfide
oxidation in Chlorobaculum tepidum, but also found in
SRM [41]. The presence of dsrMK-paralogs (dsrM2, dsrK2)
upstream of dsrAB is not uncommon in SRM [42]. DsrMK
are present in all dsrAB-containing microorganisms and are
a transmembrane module involved in reduction of
cytoplasmic DsrC-trisulfide in SRM, the final step in sulfate
reduction [37]. DsrC encoded on the MAGs have the two
essential cysteine residues at the C-terminal end for full
functionality [43]. Interestingly, dsrC forms a gene duo
with dsrL downstream of dsrAB in all seven MAGs. This is
surprising, because dsrL is not found in SRM but in sulfur
oxidizers. DsrL is highly expressed and essential for sulfur
oxidation by the purple sulfur bacterium Allochromatium
vinosum [40, 44]. DsrL is a cytoplasmic iron-sulfur flavo-
protein with proposed NAD(P)H: acceptor oxidoreductase
activity and was copurified with DsrAB from the soluble
fraction of A. vinosum [45]. The acidobacterial DsrL
sequences are shorter than their homolog in A. vinosum
(Supplementary Table S2a), but have the same functional
domains (Supplementary Figure S6). Given the possible
role of DsrL in sulfur oxidation, we sought to detect addi-
tional genes indicative of oxidative sulfur metabolism in the
acidobacterial MAGs. However, genes for Sox enzyme
machinery (soxABXYZ), thiosulfate dehydrogenase (tsdA),
sulfide:quinone reductase (sqr), adenylyl-sulfate reductase
membrane anchor subunit (aprM), flavocytochrome c sul-
fide dehydrogenase (fccAB), sulfur reductase (sreABC),
thiosulfate reductase (phsABC), polysulfide reductase
(psrABC), membrane-bound sulfite oxidizing enzyme
(soeABC), cytoplasmic sulfur trafficking enzymes (tusA,
dsrE2, dsrEFH), or DsrQ/DsrU (unknown functions) were
absent [1, 41, 46, 47]. SbA1, SbA3, SbA4, and SbA6
contain genes that have only low homology to soxCD/
sorAB, periplasmic sulfite-oxidizing enzymes (Supplemen-
tary Results) and, thus, might have another function [48].
Despite ongoing sulfur cycling, concentrations of inor-
ganic sulfur compounds such as sulfate are low (lower μM
Fig. 2 Organization of dissimilatory sulfur metabolism genes on
acidobacterial MAGs SbA1–7. Red: sat; orange: aprBA, qmoABC;
green: dsrABCMKJOPM2K2; blue: dsrD; turquoise: dsrL; violet:
dsrNVWa; pink: suyAB, comC, slcC; 1–4 (grey): syntenic genes
encoding for conserved proteins of unknown function; white: genes of
unknown function or not involved in sulfur metabolism. In SbA2 all
genes are on one scaffold (scaffold 0lkb). Gene fragments at contig
borders are indicated by an asterisk. aprB in SbA6, indicated by two
asterisks, is truncated, which indicates a pseudogene or is due to an
assembly error. Scaffolds are separated by two slashes
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range) in the Schlöppnerbrunnen II peatland [49–51].
Enzymatic release of inorganic sulfur compounds from
organic matter might thus represent a significant resource
for sulfur-dissimilating microorganisms. Therefore, we
specifically searched for genes coding for known organo-
sulfur reactions that yield sulfite [1]. Genes for cysteate
sulfo-lyase (cuyA), methanesulfonate monooxygenase
(msmABCD), sulfoacetaldehyde acetyltransferase (xsc), and
taurine dioxygenase (tauD) were absent. However, suyAB,
coding for the (R)-sulfolactate sulfo-lyase complex that
cleaves (R)-sulfolactate into pyruvate and sulfite [52], were
present in SbA4 and SbA5 (Supplementary Table S2a).
Intriguingly, SbA4 and SbA5 only have capability for sul-
fite reduction. SbA5 also encodes the racemase machinery
for (S)-sulfolactate to (R)-sulfolactate, (S)-sulfolactate
dehydrogenase (slcC) and (R)-sulfolactate dehydrogenase
(comC); the regulator gene suyR or the putative importer
SlcHFG were absent [52]. Pyruvate may be used as an
energy and carbon source, while sulfite could be used as an
electron acceptor for anaerobic respiration [53].
Respiration
Cultivated Acidobacteria of subdivisions 1 and 3 are strict
aerobes or facultative anaerobes (e.g., [54–59]). Accord-
ingly, we found respiratory chains encoded in all acid-
obacterial MAGs (Fig. 3, Supplementary Results), with
(near) complete operons for NADH dehydrogenase 1, suc-
cinate dehydrogenase (lacking in SbA2), one or both types
of quinol—cytochrome-c reductase, low-affinity terminal
oxidases, and ATP synthase (lacking in SbA2) (Supple-
mentary Tables S2b–h). High-affinity terminal oxidases,
putatively involved in detoxification of oxygen [60, 61], are
limited to four MAGs (Supplementary Table S2g). Genes
for dissimilatory nitrogen or iron metabolisms are absent,
with the exception of a putative metal reductase in SbA2 of
unclear physiological role (Supplementary Results).
Hydrogen utilization and production
We identified [NiFe] hydrogenases of groups 1, 3, and 4
[62] in SbA1–7 (Supplementary Table S2j). Membrane-
bound group 1 hydrogenases (SbA1, SbA3, SbA5) consume
hydrogen from the periplasm as an electron donor to gen-
erate energy, possibly coupled to sulfate/sulfite reduction. In
contrast to other Acidobacteria, no group 1h/5 hydro-
genases, which are coupled to oxygen respiration, were
identified [63]. Cytoplasmic group 3 hydrogenases (all
MAGs) are bidirectional and proposed to be involved in
energy-generating hydrogen oxidation and/or fermentative
hydrogen production. Membrane-bound group 4 hydro-
genases (SbA1, SbA5, SbA4, SbA6) produce H2 and are
postulated to conserve energy by proton translocation by
oxidizing substrates like formate (group 4a) or carbon
monoxide (via ferredoxin, group 4c) (Fig. 3).
A versatile heterotrophic physiology
Acidobacteria are known for their capability to degrade
simple and polymeric carbohydrates [31, 55–59, 64, 65],
supported by many diverse carbohydrate-active enzymes
encoded on their genomes [31, 32]. Accordingly, the MAGs
recovered in our study also contain many genes encoding
diverse carbohydrate-active enzymes (Supplementary
Methods, Fig. 4). These include glycoside hydrolases (GH,
1.0–4.0% of all genes), polysaccharide lyases (0.07–0.3%),
and carbohydrate esterases (0.7–1.4%) that are generally
involved in degradation of complex sugars, but also gly-
cosyltransferases (0.9–1.4%) for biosynthesis of carbohy-
drates. Functional GH families (assigned by EC number)
putatively involved in cellulose and hemicellulose degra-
dation were most prevalent (Supplementary Table S4).
Specifically, the most often encountered EC numbers
encompassed by the different GH families represented cel-
lulose (EC 3.2.1.4, e.g., GH5, GH74), xyloglucan (EC
3.2.1.150, EC 3.2.1.151, e.g., GH5, GH74), or xylan (EC
3.2.1.8, EC 3.2.1.37, e.g., GH5) degradation, which is
similar to the situation found in other members of Acid-
obacteria subdivision 1 and 3 [31, 32]. Further EC numbers
that were often encountered in the various detected GH
families were associated with oligosaccharide degradation
(EC 3.2.1.21, e.g., GH2) or α-N-acetylgalactosaminidase
activity (EC 3.2.1.49, e.g., GH109). Degradation of cellu-
lose and hemicellulose yields glucose and all MAGs encode
glycolysis and pentose phosphate pathways (Fig. 3, Sup-
plementary Results). α-N-acetylgalactosaminidase releases
N-acetylgalactosamine residues from glycoproteins that are
commonly found in microbial cell walls and extracellular
polysaccharides [66]. N-acetylgalactosamine can not be
directly utilized via glycolysis, however the additionally
required enzymes are present (Fig. 3; Supplementary
Results). Under oxic conditions, organic carbon could be
completely oxidized to CO2 via the citric acid cycle (Fig. 3).
Alternatively, we also identified fermentative pathways.
SbA3 encodes the bifunctional aldehyde-alcohol dehy-
drogenase AdhE that yields ethanol (Fig. 3). All MAGs
encode additional aldehyde and alcohol dehydrogenases
without clear substrate specificity that could also ferment
acetyl-CoA to ethanol. SbA7 and SbA5 encode a L-lactate
dehydrogenase (Ldh) yielding lactate from pyruvate, while
six MAGs encode L-lactate dehydrogenases (LldD,
GlcDEF, LutABC) that presumably perform the reverse
reaction (Fig. 3). Similarly, we identified pathways for
acetate and/or propionate production or utilization in all
MAGs (Fig. 3; Supplementary Results). SbA1 and SbA3
potentially produce H2 via formate C-acetyltransferase PflD,
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which cleaves pyruvate into acetyl-CoA and formate. SbA1
encodes for the membrane-bound formate hydrogenlyase
complex (fdhF, hyf operon) that produces H2 and might also
translocate protons. SbA3 harbours an uncharacterized,
cytoplasmic, monomeric FDH (fdhA) to transform formate
to H2. SbA1, SbA3, SbA4, and SbA6 also encode mem-
brane-bound, periplasmic FDH (fdo operon) that transfers
electrons into the membrane quinol pool, as a non-
Fig. 3 Metabolic model as inferred from analysis of acidobacterial
MAGs SbA1–7. Sulfur metabolism is highlighted in yellow. Enzymes
and transporters are shown in blue font. Glycoside hydrolases are
shown in pink font (Supplementary Table S2). Extracellular com-
pounds are in parentheses. A slash (/) indicates isozymes, i.e., enzymes
that perform the same function, but are distinctly different or have
more than one established name. AcdA+B, MaeB+Pta, MeaB+Mce,
Tal+Pgi: bifunctional fusion genes/proteins. Otherwise the plus sign
(+) indicates protein complexes. TCA: tricarboxylic acid cycle, FDH:
formate dehydrogenase, Hase: hydrogenase, NDH: NADH dehy-
drogenase, HCO: haem-copper oxidase, TO: terminal oxidase, KDG:
2-dehydro-3-deoxy-D-gluconate, KDGP: 2-dehydro-3-deoxy-D-glu-
conate 6-phosphate. Expression of at least one copy of every enzyme
and transporter was observed in the incubation samples
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fermentative alternative of formate oxidation (Fig. 3, Sup-
plementary Table S2j).
DsrAB-encoding Acidobacteria are metabolically
active under anoxic conditions
We calculated the iRep based on the native peat soil
metagenomes to assess whether DsrAB-encoding Acid-
obacteria were active in situ [22]. SbA1 and SbA5, which
were sufficiently complete (≥75%) for a reliable estimate,
had iRep values of 1.21 and 1.19, respectively. This shows
that a fraction of each population was metabolically active,
i.e., on average 21% of SbA1 and 19% of SbA5 cells were
actively replicating at the time of sampling. Concordantly,
SbA1–7 were also transcriptionally active in the same
native soil samples. 35–46% of the SbA1–7 genes were
expressed in at least one replicate. SbA1 and SbA5 con-
tributed a considerable fraction (0.4% and 1.8%, respec-
tively, Supplementary Table S1) of the total mRNA reads in
the native soil metatranscriptome. These data likely
underestimate the metabolic activity of SbA1–7 in situ
because freshly sampled soil was stored at 4 °C for one
week prior to nucleic acids extraction.
We further analyzed metatranscriptome data from a
series of anoxic incubations of the peat soil with or
without individual substrates (formate, acetate, propio-
nate, lactate, or butyrate) and with or without supple-
mental sulfate [9]. While the incubations were not
designed to specifically test for the MAG-inferred meta-
bolic properties, they still allowed us to evaluate tran-
scriptional response of the DsrAB-encoding
Acidobacteria under various anoxic conditions (Supple-
mentary Methods and Results). All treatments triggered
shifts in genome-wide gene expression; more genes were
significantly (p < 0.05) upregulated (73–933) than down-
regulated (14–81) as compared to the native soil. Upre-
gulated genes included sulfur metabolism enzymes, high-
affinity terminal oxidases, group 1 and 3 hydrogenases,
aldehyde-alcohol dehydrogenase AdhE, glycoside hydro-
lases, and other carbon metabolism enzymes (Supple-
mentary Table S3, Supplementary Figure S7).
Significantly upregulated glycoside hydrolase genes
belonged to GH family 2, 3, 5, 9, 10, 18, 20, 23, 26, 28,
29, 30, 33, 35, 36, 38, 43, 44, 50, 51, 55, 74, 76, 78, 79,
88, 95, 97, 105, 106, 109, and 129 in MAGs SbA1–6.
None of the GH genes were significantly downregulated in
the incubations. Noteworthy genes that were significantly
downregulated were superoxide dismutases (sodA) in
SbA2 and SbA4 (Supplementary Table S3a).
Discussion
Diverse members of the phylum Acidobacteria are abun-
dant in various ecosystems, particularly in soils and sedi-
ments with relative abundances typically ranging from
20–40% [67]. Acidobacteria are currently classified in
26 subdivisions based on their 16S rRNA phylogeny [68].
Given their phylogenetic breadth, comparably few isolates
and genomes are available to explore their metabolic cap-
abilities. Currently isolated species of subdivisions 1, 3, 4,
and 6 are aerobic chemoorganotrophs that grow optimally at
neutral or low pH [26, 64, 65, 69]. Furthermore, subdivision
4 contains an anoxygenic phototroph [70, 71], subdivisions
8 and 23 contain anaerobes [72–74], subdivisions 1, 3, and
23 fermenters [56, 59, 73, 75] and subdivision 4, 8, 10, and
23 thermophiles [71, 73, 76, 77].
Acidobacteria are known as dominant inhabitants of
wetlands worldwide, in particular members of subdivi-
sion 1, 3, 4, and 8 [26]. Strains in the genera Granuli-
cella [57], Telmatobacter [59], Bryocella [58] and
Bryobacter [55] have been isolated from acidic wetlands and
are presumably active in plant-derived polymer degradation
Fig. 4 Glycoside hydrolase genes are enriched in acidobacterial gen-
omes/MAGs compared to genomes from other taxa that encode DsrA/
DsrB. DsrAB-containing MAGs SbA1–7 are shown as solid symbols
and numbered accordingly. X-axis shows the total number of predicted
CDS per genome/MAG
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(such as cellulose) [26, 78–80], and in nitrogen and iron
cycling [50, 56].
Here, we provide metagenomic and metatranscriptomic
evidence that the newly discovered species represent at least
three novel genera in Acidobacteria subdivision 1 and 3
(Supplementary Figure S3) and possess a dissimilatory
sulfur metabolism. The seven acidobacterial MAGs from
the Schlöppnerbrunnen II peatland encode the complete
canonical pathway for dissimilatory sulfite or sulfate
reduction. The sulfate reduction pathway, however, could
also operate in reverse as proposed for a sulfur-oxidizing
deltaproteobacterium [81]. The phylogenetic separation into
two subdivisions as based on the concatenated marker gene
tree is also apparent in the DsrAB phylogeny (Supple-
mentary Figure S1). The acidobacterial DsrAB sequences
are distributed among two monophyletic clades within the
uncultured family-level lineage 8, which is part of the
reductive, bacterial-type DsrAB branch [3]. The phyloge-
netic breadth of the acidobacterial DsrAB sequences is
representative for the intra-lineage sequence divergence
within uncultured DsrAB lineage 8, which suggests that this
entire lineage represents yet uncultivated bacteria of the
phylum Acidobacteria. Members of this uncultured DsrAB
lineage are widespread in freshwater wetlands (Supple-
mentary Figure S1) [5]. In particular, they represented an
abundant fraction of the DsrAB diversity and were perma-
nent autochthonous inhabitants of oxic and anoxic soil
layers in the analyzed Schlöppnerbrunnen II peatland [12,
13].
Presence of the complete gene set for canonical dissim-
ilatory sulfate reduction suggests that the pathway is func-
tional, as the genetic capability for sulfate reduction can be
rapidly lost by adaptive evolution if unused [82]. Except for
a truncated aprB on SbA6, we found no indications of
pseudogenes, i.e., unexpected internal stop codons or
reading frame shifts, for any of the sulfate/sulfite reduction
genes on the acidobacterial MAGs [3]. In addition, sulfur
metabolism genes of each MAG were expressed in the
native soil and the anoxic microcosms (Supplementary
Table S3a). Many sulfur metabolism genes were even sig-
nificantly upregulated in the anoxic microcosms, with dsrC
and aprBA among the top 10 most expressed genes in SbA7
(Supplementary Table S3a). These findings further support
full functionality of the acidobacterial dissimilatory sulfur
pathways under anoxic condition.
Known SRM typically couple sulfate respiration to oxi-
dation of fermentation products such as volatile fatty acids,
alcohols, or hydrogen [83]. While other microorganisms in
the Schlöppnerbrunnen II soil, such as Desulfosporosinus,
showed sulfate-specific and substrate-specific responses in
our microcosms, hundreds of acidobacterial 16S rRNA
phylotypes did not (with the exception of two) [9]. Gene
expression patterns of DsrAB-encoding Acidobacteria in
the individual anoxic microcosms as analyzed in the present
study were ambiguous. Genes for putative oxidation of the
supplemented substrates (formate, acetate, propionate, lac-
tate, butyrate) were not specifically upregulated, neither
without nor with supplemental sulfate. However, sulfur
metabolism genes were upregulated in several incubations
as compared to no-substrate-controls, suggesting indirect
stimulation of a sulfur-based metabolism (Supplementary
Results, Supplementary Table S3a). Indirect changes in
microbial activity after the addition of fresh organic matter
is often observed in soils (priming effects, [84]). One
explanation for this priming effect is the co-metabolism
theory stating that easily available substrates provide the
energy for microorganisms to produce extracellular
enzymes to make immobile carbon accessible, which is then
also available to other microorganisms. The DsrAB-
encoding Acidobacteria have a large genetic repertoire to
utilize carbohydrates and monomeric sugars (Fig. 3). This is
in accordance with the carbohydrate utilization potential
previously described for subdivision 1 and 3 Acidobacteria
[31, 32]. Yet utilization of monomeric sugars is a rare
feature of known SRM [85, 86] and utilization of poly-
saccharides or oligosaccharides by sulfate-reducing bacteria
was not yet reported. While the studied Acidobacteria
expressed many of their glycoside hydrolase genes in our
anoxic peat soil microcosms, further experiments are
required to confirm if DsrAB-encoding Acidobacteria
couple degradation of carbohydrate polymers or monomers
to sulfate reduction.
It is intriguing to propose that MAGs SbA2, SbA3, and
SbA7 derive from acidobacterial SRM as they lack known
sulfur oxidation genes, except dsrL (Supplementary Fig-
ure S6), and express the complete dissimilatory sulfate
reduction pathway (Supplementary Table S2a), including
reductive, bacterial-type dsrAB, and dsrD that may be
exclusive to SRM [39, 48, 87, 88]. However, the functions
of DsrL and DsrD are yet unresolved, which prevents
functional predictions based only on these genes. The pro-
posal of an alternative hypothesis that these novel Acid-
obacteria reverse the sulfate reduction pathway for
dissimilatory sulfur oxidation or sulfur disproportionation,
bases on findings with the deltaproteobacterium Desulfur-
ivibrio alkaliphilus [81]. D. alkaliphilus also lacks known
sulfur oxidation genes (including dsrL), except for sqr, and
is proposed to gain energy by coupling sulfide oxidation via
a reversed sulfate reduction pathway (with a reductive-type
DsrAB) to the dissimilatory reduction of nitrate/nitrite to
ammonium. Sulfide oxidation in acidobacterial MAGs
SbA2, SbA3, and SbA7 could proceed analogous to the
pathway models proposed by Thorup et al. [81] and
Christiane Dahl [89]. Briefly, hydrogen sulfide might react
with DsrC either spontaneously [90] or via an unknown
sulfur transfer mechanism to form persulfated DsrC.
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Persulfated DsrC is then oxidized by DsrMKJOP, thereby
transferring electrons into the membrane quinone pool, and
releasing a DsrC-trisulfide, which is the substrate for DsrAB
[37, 89]. It was hypothesized that electrons released during
DsrC-trisulfide oxidation to sulfite and DsrC are transferred
to DsrL [89]. Further sulfite oxidation to sulfate would be
catalyzed by AprBA-QmoABC and Sat.
The acidobacterial MAGs have the genomic potential to
use oxygen as terminal electron acceptor and might thus
couple sulfide oxidation to aerobic respiration. Alternative
electron acceptors for biological sulfur oxidation in wet-
lands could include nitrate/nitrite and metals such as Fe(III)
[50]. However, known genes for dissimilatory nitrate
reduction and metal reduction [91] were absent from these
acidobacterial MAGs. Only SbA2 encodes a putative metal
reduction complex that was recently characterized in
Desulfotomaculum reducens [92]. At this time, it is unclear
whether DsrAB-encoding Acidobacteria are capable of Fe
(III) respiration, as seen in Geothrix fermentans [74] and
certain isolates in subdivision 1 [56, 93].
Proposal of the acidobacterial Candidatus genera
Sulfotelmatobacter, Sulfotelmatomonas, and
Sulfopaludibacter
Based on combined interpretation of phylogeny (con-
catenated phylogenetic marker genes, DsrAB), genomic
(ANI, AAI) and genetic (DsrAB) distances, and character-
istic genomic features of dissimilatory sulfur metabolism
(Fig. 3), in accordance with Konstantinidis et al. [94], we
classify MAGs SbA1, SbA7, SbA5, SbA3, SbA4, and
SbA6 into three new acidobacterial Candidatus genera,
including Candidatus species names for the >95% complete
MAGs SbA1 and SbA5. In-depth phylogenomic analysis of
SbA2 was not possible and therefore it is tentatively
assigned to Acidobacteria subdivision 3.
Acidobacteria subdivision 1
● Ca. genus Sulfotelmatobacter (Sul.fo.tel.ma.to.bac’ter.
L. n. sulfur, sulfur; Gr. n. telma, -tos, swamp, wetland;
N.L. masc. n. bacter, bacterium; N.L. masc. n.
Sulfotelmatobacter, a bacterium from a swamp meta-
bolizing sulfur) with Ca. Sulfotelmatobacter kueseliae
MAG SbA1 (kue.se’li.ae. N.L. gen. n. kueseliae, of
Kuesel, honouring Kirsten Küsel, for her work on the
geomicrobiology of wetlands) and Ca. Sulfotelmato-
bacter sp. MAG SbA7.
● Ca. Sulfotelmatomonas gaucii MAG SbA5 (Sul.fo.tel.
ma.to.mo.nas. L. n. sulfur, sulfur; Gr. n. telma, -tos,
swamp, wetland; N.L. fem. n. monas, a unicellular
organism; N.L. fem. n. Sulfotelmatomonas, a bacterium
from a swamp metabolizing sulfur; gau’.ci.i. N.L. gen.
n. gaucii, of Gauci, in honour of Vincent Gauci, for his
pioneering work on the interplay of wetland sulfate
reduction and global methane emission).
Acidobacteria subdivision 3
● Ca. genus Sulfopaludibacter (Sul.fo.pa.lu.di.bac’ter. L.
n. sulfur, sulfur; L. n. palus, -udis, L. swamp; N.L.
masc. n. bacter, bacterium; N.L. masc. n. Sulfopaludi-
bacter, a bacterium from a swamp metabolizing sulfur)
Fig. 5 Putative lifestyles of DsrAB-encoding Acidobacteria
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with Ca. Sulfopaludibacter sp. MAG SbA3, Ca.
Sulfopaludibacter sp. MAG SbA4, and Ca. Sulfopalu-
dibacter sp. MAG SbA6.
● Acidobacteria bacterium MAG SbA2.
Conclusion
Sulfur cycling exerts important control on organic carbon
degradation and greenhouse gas production in wetlands, but
knowledge about sulfur microorganisms in these globally
important ecosystems is scarce [5]. Here, we show by
genome-centric metagenomics and metatranscriptomics that
members of the phylum Acidobacteria have a putative role
in peatland sulfur cycling. The genomic repertoire of these
novel Acidobacteria species encompassed recognized
acidobacterial physiologies, such as a facultative anaerobic
metabolism, oxygen respiration, fermentation, carbohydrate
degradation, and hydrogen metabolism, but was addition-
ally augmented with a DsrAB-based dissimilatory sulfur
metabolism (Fig. 5). Based on their genetic repertoire and
previous findings on reversibility of the dissimilatory sulfate
reduction pathway [81, 95–97], it is intriguing to speculate
that the described peatland Acidobacteria could use the
same pathway for both sulfate reduction and sulfide oxi-
dation. The described DsrAB-carrying Acidobacteria that
only encoded the pathway for dissimilatory sulfite reduction
had additional genes for sulfite-producing enzymes, which
suggests that organosulfonates might be their primary sub-
strate for sulfur respiration. Our results not only extend the
current understanding of the genetic versatility and dis-
tribution of dissimilatory sulfur metabolism among recog-
nized microbial phyla, but also underpin the challenge to
unambiguously differentiate between reductive or oxidative
sulfur metabolism solely based on (meta-)genome/tran-
scriptome data [81].
Acknowledgements We are grateful to Norbert Bittner for support
during field sampling, Doris Steger and Pinsurang Deevong for their
contributions to qPCR analysis, and Florian Goldenberg for main-
taining the Life Science Computer Cluster at the Division of Com-
putational Systems Biology (University of Vienna). We thank the staff
of the Joint Genome Institute (JGI) for metagenome and metatran-
scriptome library preparation, sequencing, and standard bioinformatics
support, Bernhard Schink for help in naming of bacterial taxa, and
Christiane Dahl, Petra Pjevac, Marc Mußmann, and Kenneth Was-
mund for valuable discussions and feedback. We acknowledge the
LABGeM (CEA/IG/Genoscope & CNRS UMR8030) and the France
Génomique National infrastructure (funded as part of Investissement
d’avenir program managed by Agence Nationale pour la Recherche,
contract ANR-10-INBS-09) for support with the MicroScope annota-
tion platform. The work conducted by the JGI was supported by the
Office of Science of the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231. This research was supported by the
Austrian Science Fund (FWF, P23117-B17, P25111-B22, P26392-
B20, and I1628-B22), the JGI (CSP 605), the German Research
Foundation (DFG, PE 2147/1-1), the European Union (FP7-People-
2013-CIG, Grant No PCIG14-GA-2013-630188 and Marie
Skłodowska-Curie Grant No 660280), and the VILLUM FONDEN
(research grant 15510).
Compliance with Ethical Standards
Conflict of interest The authors declare that they have no conflict of
interest.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
References
1. Wasmund K, Mußmann M, Loy A. The life sulfuric: microbial
ecology of sulfur cycling in marine sediments. Environ Microbiol
Rep. 2017;9:323–44.
2. Meyer B, Imhoff JF, Kuever J. Molecular analysis of the dis-
tribution and phylogeny of the soxB gene among sulfur-oxidizing
bacteria: evolution of the Sox sulfur oxidation enzyme system.
Environ Microbiol. 2007;9:2957–77.
3. Müller AL, Kjeldsen KU, Rattei T, Pester M, Loy A. Phylogenetic
and environmental diversity of DsrAB-type dissimilatory (bi)sul-
fite reductases. ISME J. 2015;9:1152–65.
4. Watanabe T, Kojima H, Fukui M. Identity of major sulfur-cycle
prokaryotes in freshwater lake ecosystems revealed by a com-
prehensive phylogenetic study of the dissimilatory adenylylsulfate
reductase. Sci Rep. 2016;6:36262.
5. Pester M, Knorr K-H, Friedrich MW, Wagner M, Loy A. Sulfate-
reducing microorganisms in wetlands – fameless actors in carbon
cycling and climate change. Front Microbiol. 2012;3:72.
6. Kirschke S, Bousquet P, Ciais P, Saunois M, Canadell JG, Dlu-
gokencky EJ, et al. Three decades of global methane sources and
sinks. Nat Geosci. 2013;6:813–23.
7. Saunois M, Bousquet P, Poulter B, Peregon A, Ciais P, Canadell
JG, et al. The global methane budget 2000-2012. Earth Syst Sci.
Data. 2016;8:697–751.
8. Dedysh SN, Pankratov TA, Belova SE, Kulichevskaya IS, Liesack
W. Phylogenetic analysis and in situ identification of Bacteria
community composition in an acidic Sphagnum peat bog. Appl
Environ Microbiol. 2006;72:2110–7.
9. Hausmann B, Knorr K-H, Schreck K, Tringe SG, Glavina del Rio
T, Loy A, et al. Consortia of low-abundance bacteria drive sulfate
reduction-dependent degradation of fermentation products in peat
soil microcosms. ISME J. 2016;10:2365–75.
10. Kraigher B, Stres B, Hacin J, Ausec L, Mahne I, van Elsas JD,
et al. Microbial activity and community structure in two drained
fen soils in the Ljubljana Marsh. Soil Biol Biochem.
2006;38:2762–71.
11. Loy A, Küsel K, Lehner A, Drake HL, Wagner M. Microarray and
functional gene analyses of sulfate-reducing prokaryotes in low-
Peatland Acidobacteria with a dissimilatory sulfur metabolism 1739
sulfate, acidic fens reveal cooccurrence of recognized genera and
novel lineages. Appl Environ Microbiol. 2004;70:6998–7009.
12. Pester M, Bittner N, Deevong P, Wagner M, Loy A. A ‘rare
biosphere’ microorganism contributes to sulfate reduction in a
peatland. ISME J. 2010;4:1591–602.
13. Steger D, Wentrup C, Braunegger C, Deevong P, Hofer M,
Richter A, et al. Microorganisms with novel dissimilatory (bi)
sulfite reductase genes are widespread and part of the core
microbiota in low-sulfate peatlands. Appl Environ Microbiol.
2011;77:1231–42.
14. Tveit A, Schwacke R, Svenning MM, Urich T. Organic carbon
transformations in high-Arctic peat soils: key functions and
microorganisms. ISME J. 2013;7:299–311.
15. Costello EK, Schmidt SK. Microbial diversity in alpine tundra wet
meadow soil: novel Chloroflexi from a cold, water-saturated
environment. Environ Microbiol. 2006;8:1471–86.
16. Albertsen M, Hugenholtz P, Skarshewski A, Nielsen KL, Tyson
GW, Nielsen PH. Genome sequences of rare, uncultured bacteria
obtained by differential coverage binning of multiple metagen-
omes. Nat Biotechnol. 2013;31:533–8.
17. Hyatt D, Chen G-L, Locascio PF, Land ML, Larimer FW, Hauser
LJ. Prodigal: prokaryotic gene recognition and translation initia-
tion site identification. BMC Bioinforma. 2010;11:119.
18. Eddy SR. Accelerated profile HMM searches. PLoS Comput Biol.
2011;7:e1002195.
19. Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW.
CheckM: assessing the quality of microbial genomes recovered
from isolates, single cells, and metagenomes. Genome Res.
2015;25:1043–55.
20. Vallenet D, Calteau A, Cruveiller S, Gachet M, Lajus A, Josso A,
et al. MicroScope in 2017: an expanding and evolving integrated
resource for community expertise of microbial genomes. Nucleic
Acids Res. 2017;45:D517–D28.
21. Huerta-Cepas J, Szklarczyk D, Forslund K, Cook H, Heller D,
Walter MC, et al. eggNOG 4.5: a hierarchical orthology frame-
work with improved functional annotations for eukaryotic, pro-
karyotic and viral sequences. Nucleic Acids Res. 2016;44:
D286–D93.
22. Brown CT, Olm MR, Thomas BC, Banfield JF. Measurement of
bacterial replication rates in microbial communities. Nat Bio-
technol. 2016;34:1256–63.
23. Langmead B, Salzberg SL. Fast gapped-read alignment with
Bowtie 2. Nat Methods. 2012;9:357–9.
24. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics. 2014;30:923–30.
25. Love MI, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014;15:550.
26. Dedysh SN. Cultivating uncultured bacteria from northern wet-
lands: knowledge gained and remaining gaps. Front Microbiol.
2011;2:184.
27. Ivanova AA, Wegner C-E, Kim Y, Liesack W, Dedysh SN.
Identification of microbial populations driving biopolymer
degradation in acidic peatlands by metatranscriptomic analysis.
Mol Ecol. 2016;25:4818–35.
28. Serkebaeva YM, Kim Y, Liesack W, Dedysh SN.
Pyrosequencing-based assessment of the bacteria diversity in
surface and subsurface peat layers of a northern wetland, with
focus on poorly studied phyla and candidate divisions. PLoS
ONE. 2013;8:e63994.
29. Urbanová Z, Bárta J. Microbial community composition and in
silico predicted metabolic potential reflect biogeochemical gra-
dients between distinct peatland types. FEMS Microbiol Ecol.
2014;90:633–46.
30. Hug La, Thomas BC, Sharon I, Brown CT, Sharma R, Hettich RL,
et al. Critical biogeochemical functions in the subsurface are
associated with bacteria from new phyla and little studied linea-
ges. Environ Microbiol. 2016;18:159–73.
31. Rawat SR, Männistö MK, Bromberg Y, Häggblom MM. Com-
parative genomic and physiological analysis provides insights into
the role of Acidobacteria in organic carbon utilization in Arctic
tundra soils. FEMS Microbiol Ecol. 2012;82:341–55.
32. Ward NL, Challacombe JF, Janssen PH, Henrissat B, Coutinho
PM, Wu M, et al. Three genomes from the phylum Acidobacteria
provide insight into the lifestyles of these microorganisms in soils.
Appl Environ Microbiol. 2009;75:2046–56.
33. Rodriguez-R LM, Konstantinidis KT. Bypassing cultivation to
identify bacterial species. Microbe Mag. 2014;9:111–8.
34. Notredame C, Higgins DG, Heringa J. T-Coffee: a novel method
for fast and accurate multiple sequence alignment. J Mol Biol.
2000;302:205–17.
35. Sánchez-Andrea I, Rodríguez N, Amils R, Sanz JL. Microbial
diversity in anaerobic sediments at Río Tinto, a naturally acidic
environment with a high heavy metal content. Appl Environ
Microbiol. 2011;77:6085–93.
36. Wang Y, Sheng H-F, He Y, Wu J-Y, Jiang Y-X, Tam NF-Y, et al.
Comparison of the levels of bacterial diversity in freshwater,
intertidal wetland, and marine sediments by using millions of
illumina tags. Appl Environ Microbiol. 2012;78:8264–71.
37. Santos AA, Venceslau SS, Grein F, Leavitt WD, Dahl C, Johnston
DT, et al. A protein trisulfide couples dissimilatory sulfate
reduction to energy conservation. Science. 2015;350:1541–5.
38. Mizuno N, Voordouw G, Miki K, Sarai A, Higuchi Y. Crystal
structure of dissimilatory sulfite reductase D (DsrD)
protein–possible interaction with B- and Z-DNA by its winged-
helix motif. Structure. 2003;11:1133–40.
39. Hittel DS, Voordouw G. Overexpression, purification and
immunodetection of DsrD from Desulfovibrio vulgaris Hilden-
borough. Antonie Van Leeuwenhoek. 2000;77:271–80.
40. Lübbe YJ, Youn H-S, Timkovich R, Dahl C. Siro(haem)amide in
Allochromatium vinosum and relevance of DsrL and DsrN, a
homolog of cobyrinic acid a,c-diamide synthase, for sulphur
oxidation. FEMS Microbiol Lett. 2006;261:194–202.
41. Holkenbrink C, Barbas SO, Mellerup A, Otaki H, Frigaard N-U.
Sulfur globule oxidation in green sulfur bacteria is dependent on
the dissimilatory sulfite reductase system. Microbiology.
2011;157:1229–39.
42. Pereira IAC, Ramos AR, Grein F, Marques MC, Marques da Silva
S, Venceslau SS. A comparative genomic analysis of energy
metabolism in sulfate reducing bacteria and archaea. Front
Microbiol. 2011;2:69.
43. Venceslau SS, Stockdreher Y, Dahl C, Pereira IAC. The ‘bacterial
heterodisulfide’ DsrC is a key protein in dissimilatory sulfur
metabolism. Biochim Biophys Acta. 2014;1837:1148–64.
44. Weissgerber T, Sylvester M, Kröninger L, Dahl C. A comparative
quantitative proteomic study identifies new proteins relevant for
sulfur oxidation in the purple sulfur bacterium Allochromatium
vinosum. Appl Environ Microbiol. 2014;80:2279–92.
45. Dahl C, Engels S, Pott-Sperling AS, Schulte A, Sander J, Lübbe
Y, et al. Novel genes of the dsr gene cluster and evidence for close
interaction of Dsr proteins during sulfur oxidation in the photo-
trophic sulfur bacterium Allochromatium vinosum. J Bacteriol.
2005;187:1392–404.
46. Laska S, Lottspeich F, Kletzin A. Membrane-bound hydrogenase
and sulfur reductase of the hyperthermophilic and acidophilic
archaeon Acidianus ambivalens. Microbiology.
2003;149:2357–71.
47. Lenk S, Moraru C, Hahnke S, Arnds J, Richter M, Kube M, et al.
Roseobacter clade bacteria are abundant in coastal sediments and
1740 B. Hausmann et al.
encode a novel combination of sulfur oxidation genes. ISME J.
2012;6:2178–87.
48. Ghosh W, Dam B. Biochemistry and molecular biology of litho-
trophic sulfur oxidation by taxonomically and ecologically diverse
bacteria and archaea. FEMS Microbiol Rev. 2009;33:999–1043.
49. Knorr K-H, Blodau C. Impact of experimental drought and
rewetting on redox transformations and methanogenesis in
mesocosms of a northern fen soil. Soil Biol Biochem.
2009;41:1187–98.
50. Küsel K, Blöthe M, Schulz D, Reiche M, Drake HL. Microbial
reduction of iron and porewater biogeochemistry in acidic peat-
lands. Biogeosciences. 2008;5:1537–49.
51. Schmalenberger A, Drake HL, Küsel K. High unique diversity of
sulfate-reducing prokaryotes characterized in a depth gradient in
an acidic fen. Environ Microbiol. 2007;9:1317–28.
52. Denger K, Cook AM. Racemase activity effected by two dehy-
drogenases in sulfolactate degradation by Chromohalobacter
salexigens: purification of (S)-sulfolactate dehydrogenase.
Microbiology. 2010;156:967–74.
53. Simon J, Kroneck PMH. Microbial sulfite respiration. Adv Microb
Physiol 2013;62:45–117.
54. Eichorst SA, Breznak JA, Schmidt TM. Isolation and character-
ization of soil bacteria that define Terriglobus gen. nov., in the
phylum Acidobacteria. Appl Environ Microbiol.
2007;73:2708–17.
55. Kulichevskaya IS, Suzina NE, Liesack W, Dedysh SN. Bryo-
bacter aggregatus gen. nov., sp. nov., a peat-inhabiting, aerobic
chemo-organotroph from subdivision 3 of the Acidobacteria. Int J
Syst Evol Microbiol. 2010;60:301–6.
56. Kulichevskaya IS, Suzina NE, Rijpstra WIC, Sinninghe Damsté
JS, Dedysh SN. Paludibaculum fermentans gen. nov., sp. nov., a
facultative anaerobe capable of dissimilatory iron reduction from
subdivision 3 of the Acidobacteria. Int J Syst Evol Microbiol.
2014;64:2857–64.
57. Pankratov TA, Dedysh SN. Granulicella paludicola gen. nov., sp.
nov., Granulicella pectinivorans sp. nov., Granulicella aggregans
sp. nov. and Granulicella rosea sp. nov., acidophilic, polymer-
degrading acidobacteria from Sphagnum peat bogs. Int J Syst Evol
Microbiol. 2010;60:2951–9.
58. Dedysh SN, Kulichevskaya IS, Serkebaeva YM, Mityaeva MA,
Sorokin VV, Suzina NE, et al. Bryocella elongata gen. nov., sp.
nov., a member of subdivision 1 of the Acidobacteria isolated
from a methanotrophic enrichment culture, and emended
description of Edaphobacter aggregans Koch et al. 2008. Int J Syst
Evol Microbiol. 2012;62:654–64.
59. Pankratov TA, Kirsanova LA, Kaparullina EN, Kevbrin VV,
Dedysh SN. Telmatobacter bradus gen. nov., sp. nov., a cellulo-
lytic facultative anaerobe from subdivision 1 of the Acidobacteria,
and emended description of Acidobacterium capsulatum Kishi-
moto et al. 1991. Int J Syst Evol Microbiol. 2012;62:430–7.
60. Giuffrè A, Borisov VB, Arese M, Sarti P, Forte E. Cytochrome bd
oxidase and bacterial tolerance to oxidative and nitrosative stress.
Biochim Biophys Acta. 2014;1837:1178–87.
61. Ramel F, Amrani A, Pieulle L, Lamrabet O, Voordouw G, Seddiki
N, et al. Membrane-bound oxygen reductases of the anaerobic
sulfate-reducing Desulfovibrio vulgaris Hildenborough: roles in
oxygen defence and electron link with periplasmic hydrogen
oxidation. Microbiology. 2013;159:2663–73.
62. Greening C, Biswas A, Carere CR, Jackson CJ, Taylor MC, Stott
MB, et al. Genomic and metagenomic surveys of hydrogenase
distribution indicate H2 is a widely utilised energy source for
microbial growth and survival. ISME J. 2016;10:761–77.
63. Greening C, Carere CR, Rushton-Green R, Harold LK, Hards K,
Taylor MC, et al. Persistence of the dominant soil phylum
Acidobacteria by trace gas scavenging. Proc Natl Acad Sci USA.
2015;112:10497–502.
64. Eichorst SA, Kuske CR, Schmidt TM. Influence of plant polymers
on the distribution and cultivation of bacteria in the phylum
Acidobacteria. Appl Environ Microbiol. 2011;77:586–96.
65. Huber KJ, Geppert AM, Wanner G, Fösel BU, Wüst PK, Over-
mann J. The first representative of the globally widespread sub-
division 6 Acidobacteria, Vicinamibacter silvestris gen. nov., sp.
nov., isolated from subtropical savannah soil. Int J Syst Evol
Microbiol. 2016;66:2971–9.
66. Bodé S, Fancy R, Boeckx P. Stable isotope probing of amino
sugars – a promising tool to assess microbial interactions in soils.
Rapid Commun Mass Spectrom. 2013;27:1367–79.
67. Janssen PH. Identifying the dominant soil bacterial taxa in
libraries of 16S rRNA and 16S rRNA genes. Appl Environ
Microbiol. 2006;72:1719–28.
68. Barns SM, Cain EC, Sommerville L, Kuske CR. Acidobacteria
phylum sequences in uranium-contaminated subsurface sediments
greatly expand the known diversity within the phylum. Appl
Environ Microbiol. 2007;73:3113–6.
69. Huber KJ, Wüst PK, Rohde M, Overmann J, Foesel BU. Aridi-
bacter famidurans gen. nov., sp. nov. and Aridibacter kavango-
nensis sp. nov., two novel members of subdivision 4 of the
Acidobacteria isolated from semiarid savannah soil. Int J Syst
Evol Microbiol. 2014;64:1866–75.
70. Garcia Costas AM, Liu Z, Tomsho LP, Schuster SC, Ward DM,
Bryant DA. Complete genome of Candidatus Chloracidobacter-
ium thermophilum, a chlorophyll-based photoheterotroph
belonging to the phylum Acidobacteria. Environ Microbiol.
2012;14:177–90.
71. Tank M, Bryant DA. Chloracidobacterium thermophilum gen.
nov., sp. nov.: an anoxygenic microaerophilic chlorophotoheter-
otrophic acidobacterium. Int J Syst Evol Microbiol.
2015;65:1426–30.
72. Liesack W, Bak F, Kreft J-U, Stackebrandt E. Holophaga foetida
gen. nov., sp. nov., a new, homoacetogenic bacterium degrading
methoxylated aromatic compounds. Arch Microbiol.
1994;162:85–90.
73. Losey NA, Stevenson BS, Busse H-J, Sinninghe Damsté JS,
Rijpstra WIC, Rudd S, et al. Thermoanaerobaculum aquaticum
gen. nov., sp. nov., the first cultivated member of Acidobacteria
subdivision 23, isolated from a hot spring. Int J Syst Evol
Microbiol. 2013;63:4149–57.
74. Coates JD, Ellis DJ, Gaw CV, Lovley DR. Geothrix fermentans
gen. nov., sp. nov., a novel Fe(III)-reducing bacterium from a
hydrocarbon-contaminated aquifer. Int J Syst Bacteriol.
1999;49:1615–22.
75. Myers MR, King GM. Isolation and characterization of Acid-
obacterium ailaaui sp. nov., a novel member of Acidobacteria
subdivision 1, from a geothermally heated Hawaiian microbial
mat. Int J Syst Evol Microbiol. 2016;66:5328–35.
76. Crowe MA, Power JF, Morgan XC, Dunfield PF, Lagutin K,
Rijpstra IC, et al. Pyrinomonas methylaliphatogenes gen. nov., sp.
nov., a novel group 4 thermophilic member of the phylum
Acidobacteria from geothermal soils. Int J Syst Evol Microbiol.
2014;64:220–7.
77. Izumi H, Nunoura T, Miyazaki M, Mino S, Toki T, Takai K, et al.
Thermotomaculum hydrothermale gen. nov., sp. nov., a novel
heterotrophic thermophile within the phylum Acidobacteria from a
deep-sea hydrothermal vent chimney in the Southern Okinawa
Trough. Extremophiles. 2012;16:245–53.
78. Juottonen H, Eiler A, Biasi C, Tuittila E-S, Yrjälä K, Fritze H.
Distinct anaerobic bacterial consumers of cellobiose-derived car-
bon in boreal fens with different CO2/CH4 production ratios. Appl
Environ Microbiol 83. 2017;16:e02533.
79. Pankratov TA, Ivanova AO, Dedysh SN, Liesack W. Bacterial
populations and environmental factors controlling cellulose
Peatland Acidobacteria with a dissimilatory sulfur metabolism 1741
degradation in an acidic Sphagnum peat. Environ Microbiol.
2011;13:1800–14.
80. Schmidt O, Horn MA, Kolb S, Drake HL. Temperature impacts
differentially on the methanogenic food web of cellulose-
supplemented peatland soil. Environ Microbiol. 2015;17:720–34.
81. Thorup C, Schramm A, Findlay AJ, Finster KW, Schreiber L.
Disguised as a sulfate reducer: growth of the deltaproteobacterium
Desulfurivibrio alkaliphilus by sulfide oxidation with nitrate.
MBio. 2017;8:17. e00671
82. Hillesland KL, Lim S, Flowers JJ, Turkarslan S, Pinel N, Zane
GM, et al. Erosion of functional independence early in the evo-
lution of a microbial mutualism. Proc Natl Acad Sci USA.
2014;111:14822–7.
83. Rabus R, Hansen TA, Widdel F. Dissimilatory sulfate- and sulfur-
reducing prokaryotes. In: Rosenberg E, DeLong EF, Lory S,
Stackebrandt E, Thompson F, editors. The Prokaryotes – pro-
karyotic physiology and biochemistry. Berlin Heidelberg:
Springer; 2013. pp. 309–404.
84. Blagodatskaya Е, Kuzyakov Y. Mechanisms of real and apparent
priming effects and their dependence on soil microbial biomass
and community structure: critical review. Biol Fertil Soils.
2008;45:115–31.
85. Cord-Ruwisch R, Ollivier B, Garcia J-L. Fructose degradation by
Desulfovibrio sp. in pure culture and in coculture with Metha-
nospirillum hungatei. Curr Microbiol. 1986;13:285–9.
86. Stetter KO. Archaeoglobus fulgidus gen. nov., sp. nov.: a new
taxon of extremely thermophilic archaebacteria. Syst Appl
Microbiol. 1988;10:172–3.
87. Dahl C, Friedrich CG. Microbial sulfur metabolism. Berlin Hei-
delberg: Springer; 2008.
88. Rabus R, Venceslau SS, Wöhlbrand L, Voordouw G, Wall JD,
Pereira IAC. A post-genomic view of the ecophysiology, cata-
bolism and biotechnological relevance of sulphate-reducing pro-
karyotes. Adv Microb Physiol. 2015;66:55–321.
89. Dahl C (2017). Sulfur metabolism in phototrophic bacteria. In:
Hallenbeck PC, editor. Modern topics in the phototrophic pro-
karyotes. Springer; pp. 27–66. Cham, Switzerland
90. Ijssennagger N, Belzer C, Hooiveld GJ, Dekker J, van Mil SWC,
Müller M, et al. Gut microbiota facilitates dietary heme-induced
epithelial hyperproliferation by opening the mucus barrier in
colon. Proc Natl Acad Sci USA. 2015;112:10038–43.
91. Weber KA, Achenbach LA, Coates JD. Microorganisms pumping
iron: anaerobic microbial iron oxidation and reduction. Nat Rev
Microbiol. 2006;4:752–64.
92. Otwell AE, Sherwood RW, Zhang S, Nelson OD, Li Z, Lin H,
et al. Identification of proteins capable of metal reduction from the
proteome of the Gram-positive bacterium Desulfotomaculum
reducens MI-1 using an NADH-based activity assay. Environ
Microbiol. 2015;17:1977–90.
93. Blöthe M, Akob DM, Kostka JE, Göschel K, Drake HL, Küsel K.
pH gradient-induced heterogeneity of Fe(III)-reducing micro-
organisms in coal mining-associated lake sediments. Appl Environ
Microbiol. 2008;74:1019–29.
94. Konstantinidis KT, Rosselló-Móra R, Amann R. Uncultivated
microbes in need of their own taxonomy. ISME J.
2017;11:2399–406.
95. Dannenberg S, Kroder M, Dilling W, Cypionka H. Oxidation of
H2, organic compounds and inorganic sulfur compounds coupled
to reduction of O2 or nitrate by sulfate-reducing bacteria. Arch
Microbiol. 1992;158:93–99.
96. Fuseler K, Cypionka H. Elemental sulfur as an intermediate of
sulfide oxidation with oxygen by Desulfobulbus propionicus.
Arch Microbiol. 1995;164:104–9.
97. Fuseler K, Krekeler D, Sydow U, Cypionka H. A common
pathway of sulfide oxidation by sulfate-reducing bacteria. FEMS
Microbiol Lett. 1996;144:129–34.
1742 B. Hausmann et al.
